Introduction

Scope and Definitions
This report reviews the available information on W, the mean energy required to produce one ion pair in gases, liquids and solids, for a variety of radiations, and provides, when possible, suggested values for current usage. For gases, it provides a study of experimental methods, current theories and gas mixtures, leading to a compilation of experimental values with emphasis on energy dependence, and suggested values. For liquids and solids, references to more extensive discussions are given.
When fast charged particles pass through matter, they produce ion pairs. In a gas or a liquid, electrons and heavy positive ions (atoms or molecules lacking one or several electrons) are created. In certain solids, conduction electrons and corresponding positive holes are formed. The expression "ion pair" will be used to describe hole-electron pairs as well as electron-ion pairs.
The mean energy expended in a gas per ion pair formed, W, is the quotient of Eby N, where N is the mean number of ion pairs formed when the initial kinetic energy, E, of a charged particle is completely dissipated in the gas:
W= E/N. Notes: (a) It follows from the definition that the ions produced by the bremsstrahlung or other secondary radiation emitted by the charged particles are included inN.
(b) The mean number, N, of ion pairs is equal to the total liberated charge of either sign divided by the charge of the electron.
The differential value, w, of the mean energy necessary to produce an ion pair is the quotient of dE by dN, where dE is the mean energy lost by a charged particle of energy E in traversing an absorber of thickness dx, and dN is the mean number of ion pairs produced when dE is completely dissipated in the gas:
Notes: (a) The relation between Wand w is given by
where I is the lowest ionization potential of the absorber, and f the instantaneous energy of the particle while slowing down.
( b) For moderately thick absorbers, (E 1 > 0.2 E) the mean number of ion pairs produced, Ni, should be calculated from where E 1 is the mean energy of the particles leaving the absorber.
(c) The quantity wi, defined by ~1 = (~~:)
where dN 1 and dE 1 are measured for individual particles, may differ from w for small values of dN 1 .
History and Use
The history of W is easily traced to the discovery of x rays (Rontgen, 1895) and of radioactivity (Becquerel, 1896a) . Even before the discovery of penetrating radiations, J. J. Thomson and his colleagues at the Cavendish Laboratory had investigated the passage of electricity through gases. Thus, it is not surprising that the phenomenon of ionization of gases by penetrating radiations was quickly recognized and was employed for practical measurements. Becquerel (1896b) used an electroscope to investigate uranium, and his later inquiries dealt with other properties of radioactive materials which were studied with the electroscope (Becquerel, 1896c). The conductivity of gases due to x rays was investigated by Thomson and Rutherford (1896) who obtained a saturation curve for air and demonstrated that the current is proportional to the number density of "conducting molecules," this being still a year ahead of the discovery of the electron. Rutherford (1897) seems to have been the first to allude to the correlation between energy absorption from an x-ray beam by a gas and the conductivity of the gas. Rutherford (1899) also developed theories of ionization and of recombination, and he commented on the correlation between energy absorption and total ionization. The latter paper also contains a table on the relative amount of total ionization produced by the complete absorption, in several different gases, of the rays from uranium. He observed that the total amount of ionization produced by the rays is nearly the same for a number of gases and later (Rutherford, 1905) made the first absolute measurement of the average energy required to produce a pair of ions.
Rutherford and Geiger (1908) used some of the earlier research of Townsend (1901, 1902, 1903) on the ionization of gases by collisions to magnify the charge produced by a single alpha particle. This led to the first electrical counting method, and they were able to prove that the zinc sulfide screen provided an absolute method for counting the number of alpha particles. With both methods, they made an accurate measurement of the disintegration rate of the radiation in equilibrium with a certain mass of radium and verified that the alpha particles are helium nuclei. Geiger (1909) measured the specific ionization and the range of alpha particles in air. He integrated the results to get the number of ion pairs due to the total absorption of RaC' -alpha particles in au.
N. Bohr (1915) developed a theory of the slowing down of swiftly moving particles in matter and, in that connection, he commented on total ionization. With characteristic perceptiveness he pointed out that the total ionization measured (Taylor, 1913) in helium, relative to air and hydrogen, was too large, and stated that the disagreement with theory "is difficult to explain, unless the high value observed by Taylor possibly may be due to the presence of a small amount of impurities in the helium used." We now know that this is entirely correct.
Concurrent with the investigation of ionization produced by penetrating radiations, much research was done on the total ionization by cathode rays. Ionization by the cathode ray was observed by Lenard (1894) and was studied more quantitatively by Durack (1902 Durack ( , 1903 . Johnson (1917) made a careful measurement of the total ionization produced by 200-e V electrons. Gurney (1925) reported the measurement of total ionization due to the absorption of alpha particles in several gases, and he included a table of the absolute values of W. Even though his absolute values of total ionization now appear to be somewhat different from modern values, his relative values (except for the noble gases) are in quite good agreement with more recently determined values.
An extensive measurement of the ionization due to cathode rays in air was carried out by Lehmann and Osgood (1927) . They reported a value of 45 eV per ion pair, which was independent of energy between 200 e V and 1 keV. Lehmann (1927) extended his work with cathode rays to various gases and compared his values with those obtained by Gurney (1925) for alpha particles. Lehmann's W values for electrons in He, Ar, H 2 , and air were about 25 percent smaller than those of Gurney.
The first of the important papers by Gray showing the relation of W values to radiation dosimetry appeared in 1929. In this paper, he described the "principle of equivalence" for gamma rays, and he introduced the symbol W for the mean energy required to produce a pair of ions (Gray, 1929) .
A good review of W vallles for cathode rays in air appeared in the important paper by Eisl (1929) . He reported a careful measurement of W as a function of cathode ray energy from 9 to 59 ke V and found that the value of Wis somewhat larger at the lower energies, e.g., W = 41.5 at 0.3 keV compared to 32.3 at 60 keV. Another paper by Gray (1936) on "Ionization Method for the Absolute Measurement of Gamma Ray Energy" added further importance to the subject of W values.
Binks (1936) also reviewed the status of W values due to various radiations in air and commented further on the importance of the subject to radiation dosimetry. Another important paper by Gray (1944) extended the Bragg-Gray principle to the dosimetry of neutron fields. This work, along with the classic books by Bragg (1912), Rutherford et al. (1930) , and Thomson and Thomson (1933) , is a guide to the further study of the history of ionization of gases. More recently, reviews have been published by Binks (1954 ), Neary et al. (1957 , Booz and Ebert (1963) , and Whyte (1963) .
Use of the work of L. H. Gray on radiation dosimetry concepts, which we have come to know as the Bragg-Gray principle, requires a complete and accurate knowledge of W. Another important application of W values is in nuclear particle spectroscopy (Segre, 1959) . The ionization chamber method of measuring alpha particle energies has been very widely used. The method depends on an accurate knowledge of any possible variation of W with particle energy over the range of energies for which it is intended. The many other factors which must be considered in order to achieve good resolution and highly accurate energy measurements were examined in detail by G. C. Hanna (in Segre, 1959) . At the present time, W values are important in radiation dosimetry, charged particle spectroscopy, and in studies of the radiation chemistry of gases (Hart and Platzman, 1961) .
Values of W in gas mixtures are important for the same purposes. The discovery of the Jesse effect (i.e., the observed increase in the total ionization due to small concentrations of impurities) added a new dimension to the interest in gas mixtures. From these studies, important knowledge of energy pathways in the noble gases is obtained; this information, in turn, applies to a variety of practical situations such as the trace analysis of atmospheric pollution and the development of gas lasers (Inokuti and Person, 1974; Hurst and Klots, 1976 ).
The Elements of Theory
According to experiment, W equals 26.4 eV for 5.30-MeV alpha particles in argon gas (cf. Section 5). This means that about 2.0 X 10 5 ion pairs are formed, on the average, for each of the alpha particles stopped in the gas. These ion pairs result from almost as many ionizing collisions of either the alpha particle or a secondary electron with an argon atom; most of these ionizing collisions lead to a single ion pair each, and only a small fraction of them to multiple ion pairs. In general, not every collision of either the alpha particle or a secondary electron results in ionization. Studies on individual collisions show that non-ionizing collisions are appreciable, though less frequent than ionizing collisions, provided that the kinetic energy of the ionizing charged particles exceeds the ionization threshold, I (15. 76 e V for argon). Also, some of the secondary electrons are generated with kinetic energies less than I, and are thus incapable of further ionization. The fact that W >I implies that an average energy of W -I (10.6 e V for argon for each ion pair) is expended in processes other than ionization at the threshold. Consequently, a complete history of the degradation of the single alpha particle in argon includes nearly half a million collision processes, and a theory of W amounts to fully accounting for this history and evaluating the ratio constituted of the initial radiation energy used for ionization and the initial radiation energy used for non-ionizing events. (See Section 3 for a more extensive discussion.)
Any theory of W contains two essential ingredients: first, the determination of inelastic collision cross sections for all energetic particles, either initially incident or secondarily generated, colliding with molecules in the medium; and second, the bookkeeping (Platzman, 1961), i.e., the evaluation of the cumulative consequences of many individual inelastic collisions. Of the two ingredients, the cross-section determination is the more important. The determination must be comprehensive and reliable. By the term "comprehensive", one means that cross sections for all major inelastic collisions (which account for, say, 99 percent of the stopping power), at all kinetic energies of all energetic particles, must be available. This task is by no means straightforward, even though current knowledge offers an abundance of cross-section data; the data remain incomplete, fragmentary, and often discordant. The requirement that the cross sections be "reliable" poses an 1.3. The Elements of Theory • • • 3 even greater challenge. One must assess the consistency of the raw cross-section data, either experimental or theoretical, with all possible criteria and evaluate this reliability.
The bookkeeping problem belongs to the kinetic theory of transport processes, an important subfield of statistical physics, and has many features of interest of its own (as seen in Section 3). Approaches to the bookkeeping problem may be readily divided into two classes: first, the Monte-Carlo method, in which one simulates many histories of the degradation of individual particles by use of a computer, and derives W values through a statistical summary of results; and second, the analytic method, in which one sets up equations, either for the number of ion pairs (the Fowler method, Fowler, 1923) or for the energy spectra of all energetic particles (the Spencer-Fano method, Spencer and Fano, 1954), and then solves these equations. In simplified versions of the analytic method, one applies the continuous-slowing-down approximation to the high-energy primary particle and accounts for each generation of secondary electrons successively.
Returning to the example of alpha particles in argon, one may note here stochastic aspects of the ion-pair formation. For each alpha particle at a fixed energy, say 5.30 MeV, the precise history of the degradation is different. In particular, there are numerous ways in which the energy may be partitioned into ionizing events and into non-ionizing events through some half a million collisions. Therefore, the actual number of ion pairs generated by each 5.30-MeV alpha particle may differ from particle to particle, although on the average that number is close to 2.0 X 10 5 . In other words, there are stochastic fluctuations in the number of ion pairs formed. On general grounds, it is reasonable to consider that individual collision processes are uncorrelated, at least in low-pressure gases. Then, the stochastic fluctuations of the number of ion pairs, N, are of the order of N 1 1 2 (Fano, 1947) . In the example, the fluctuations will be about (2 X 10 5 )11 2 = 450 ion pairs, or about 0.2 percent of the average number of ion pairs. Detailed analyses (Fano, 1947) show that actually the fluctuations are smaller, i.e., about 0.1 percent or even less. The fluctuations set a theoretical limit to the precision of the determination of energy for a single particle, by ionization measurements, but have nothing to do with the precision of a measured W value itself.
Finally, any interpretation of experimental W values must allow for the possibility of collateral ionization (Platzman, 1961), i.e., the conversion of neutral excited species into ion pairs through thermal collisions. This conversion is most conspicuous in the Jesse effect of helium, i.e., an enhancement of ionization when admixed with almost any impurity species (Section 4).
